BONNER and DEVIRIAN (3) and BONNER (4) have shown that roots of different species vary appreciably as to the nutrients with which they must be'supplied for satisfactory growth in culture. ROBBINS (13) and WHALEY and LONG (15) have shown that roots of different lines of tomato differ particularly in vitamin requirements. The results do not make it clear as to whether the differences in response to added vitamins represent differences in ability of the roots 'to synthesize these substances for themselves or differences in ability to utilize the supplements. It can be anticipated, however, that if such differences exist among lines within a given species they may play some part in the development of general metabolic differences. It should be possible to study the inheritance patterns of these differences by utilization of root culture techniques in combination with a hybridization program to produce progeny in which these same characteristics can be investigated. The present study has been aimed at detecting the existence of line differences in roots of the tomato, Lycopersicon esculentum Mill. and related species with respect to the ability of the roots to synthesize and/or utilize thiamin, pyridoxine and niacin; at evaluating the significance of such differences; and ultimately at studying the inheritance of these differences. 
It has long been recognized that one of the most essential needs of investigators of problems of growth and development in plants is experimental material in which growth and development can be studied in a rigidly controlled environment. Methods for the culture of parts of plants in *nutrient media under sterile conditions provide, in a measure, a means of controlling the environment. Successful isolated root culture experiments have been conducted by KOTTE (6, 7) , ROBBINS (8) , WHITE (16) , AD- DICOTT and BONNER (1) and BONNER and DEVIRIN (3) on more than 20 species of dicotyledonous plants. Much less success has characterized attempts to culture roots of monocotyledonous plants (WHALEY and LONG, 15) . In general, the investigations have been concerned either with improvement of the techniques or with determining the general picture of physiological requirements of roots.
BONNER and DEVIRIAN (3) and BONNER (4) have shown that roots of different species vary appreciably as to the nutrients with which they must be'supplied for satisfactory growth in culture. ROBBINS (13) and WHALEY and LONG (15) have shown that roots of different lines of tomato differ particularly in vitamin requirements. The results do not make it clear as to whether the differences in response to added vitamins represent differences in ability of the roots 'to synthesize these substances for themselves or differences in ability to utilize the supplements. It can be anticipated, however, that if such differences exist among lines within a given species they may play some part in the development of general metabolic differences. It should be possible to study the inheritance patterns of these differences by utilization of root culture techniques in combination with a hybridization program to produce progeny in which these same characteristics can be investigated. The present study has been aimed at detecting the existence of line differences in roots of the tomato, Lycopersicon esculentum Mill. and related species with respect to the ability of the roots to synthesize and/or utilize thiamin, pyridoxine and niacin; at evaluating the significance of such differences; and ultimately at studying the inheritance of these differences. Seeds were sterilized in 1% bromine water, washed repeatedly in sterile water, and germinated on 1% sterile agar. When the roots had emerged sufficiently, a one-centimeter section of each selected root tip was aseptically transferred to a 125 ml. Erlenmeyer flask containing 50 ml. of nutrient solution. After two weeks, one flask was selected on the basis of good root growth, and all the others were discarded. The root selected was removed from the flask to a dish containing sterile nutrient solution and a one-centimeter apical piece was cut from each lateral root. Each of these lateral root pieces was then transferred to a nutrient-containing flask where it was allowed to grow for another two-week period. In this manner a stock supply of roots was built up. Barring the possibility of mutation during the course of the experiment (there was no suggestion of such mutation), it can be assumed that the roots used were all completely uniform genetically.
The nutrient used was the one now generally referred to as White's (22) mineral solution. It contains per liter: MgSO4-360.0 mg., Ca (NO3)2 -200.0 mg., Na2SO4-200.0 mg., KNO3-80.0 mg., KCl-65.0 mg., NaH2PO4 H20-16.5 mg., Fe2(So4)3-2.5 mg., MnSO4-4.5 mg., ZnSO4-1.5 mg., H3BO3-1.5 mg., KI-0.75 mg., and 20000.0 mg. of sucrose. Three mg. of glycine per liter were also added on the basis of White's (20) recommendation with reference to increased growth of tomato roots in solutions containing glycine, although, as has been suggested, it is to be doubted that the glycine is an essential addition. To the solutions in which the root clones were built up there were added, per liter of the solution, 0.1 mg. of thiamin, 0.1 mg. of pyridoxine, and 0.5 mg. of niacin. Building up of the stocks was thus accomplished in what is referred to below as the full vitamin supplement medium, containing all three of the vitamin supplements studied. In the series of experiments this full vitamin supplement medium and seven variations of it were used. These were: (1) the complete nutrient solution consisting of mineral salts, sucrose, and glycine, and supplemented with thiamin, pyridoxine, and niacin, (2) the solution complete as above, but without the vitamin supplements, (3) the solution complete as above plus thiamin only (niacin and pyridoxine deficient), (4) the solution complete as above, plus thiamin and pyridoxine (niacin deficient), (5) the solution complete as above, plus pyridoxine (niacin and thiamin deficient), (6) the solution complete as above, plus niacin and pyridoxine (thiamin deficient), (7) the solution complete as above, plus niacin (thiamin and pyridoxine deficient), (8) the solution complete as above, plus niacin and thiamin (pyridoxine deficient).
When the number of root tips in the stock cultures was sufficient to provide a complete experimental set the roots were removed from the flasks and lateral root tip segments were removed from each of the roots for transplanting into the solutions in which their growth was to be evaluated. To preclude the possibility of transferring vitamins from the stock culture solutions into the culture media in which final growth measurements were to be made, a "weaning" period was provided. Root tip segments were transferred from the stock culture solutions to flasks containing the nutrient of the same composition as that in which final determinations were to be made. They were allowed to grow in these flasks for a period of ten days; then subcultures of lateral root tip segments were made from these roots and transferred to new flasks of the same solutions. Thus, uniform one-centimeter lateral root tip segments were introduced into 80 flasks of each of the experimental solutions. All cultures were maintained at a constant temperature of 280 C and were exposed to weak, diffuse light from a mixture of incandescent bulbs and fluorescent tubes.
Samples were taken at seven day intervals. At each sampling eight cultures were selected from each treatment for volume and weight determinations, two were set aside for histological studies, and two were reserved for respiration measurements. In selecting the cultures those showing little or no growth, probably as the result of injury during transfer, or those aberrant in any other manner were discarded, as were all visibly contaminated cultures. The present paper is concerned with the measurement of growth as determined by volume, fresh weight and dry weight. The results of the respiration measurements and those of the histological studies will be reported in separate papers.
Earlier attempts at evaluating growth of root cultures have been confined to measurements of length and weight determinations. BONNER and DEVIRIAN (3) measured the length of the main root during the first week after the setting up of cultures. In many root lines there is little or no branching. In his earlier papers on wheat (16, 17, 18) , White measured growth by determining length increase of the main root axis plus the length of all lateral roots; in other words, a figure of total root length. In the remainder of his papers (19 et seq.) White has used the length of the central axis of the root as a measure of growth. FIEDLER (5) has used both length and dry weight as measures of growth of corn roots in culture. ROBBINS and his co-workers (9, 10, 11, 12, 13, 14) and WHALEY and LONG (15) have based growth determinations principally on dry weight measurements. While length and dry weight measurements are quite satisfactory for comparative studies within a single strain of roots, or for studies in which various strains of roots are compared over relatively short periods of time, it is essential to have a more complete measure of the various aspects of growth if this technique of root culture is utilized for the study of relatively minor physiological differences in roots of different genetic consti-tutions, because the patterns of growth differ both genetically and in response to different culture conditions. With this fact in mind, volume increase, fresh weight increase, and dry weight increase have been determined with the thought that these three figures would give a fairly comprehensive picture of mass increase and actual protoplasmic syntheses, and that the results could be evaluated against those obtained in the respiration and histological studies. The measurement of volume in these small roots was made by the use of an especially designed volumeter. This apparatus (figure 1) operates on the FIG. 1. Volumeter with which the volumes of roots were determined. The apparatus consists of two water reservoirs A and B, two mercury reservoirs C and D, and two pipettes E and F which are calibrated in 0.001 ml. divisions. In operation, the level of the mercury in pipette F is recorded when reservoir A is filled with water until the water overflow extends to the zero volume in pipette E. The water in reservoir A is then transferred to reservoir C by lowering bulb D. The tissue is placed in reservoir A and the water readmitted to this chamber by raising bulb D. When the mercury leveling bulb is so adjusted that the mercury level in pipette F is the same as the initially recorded value, the increased volume in pipette E is equal to the volume of the plant tissue.
Water reservoir B and the two stopcocks are used to adjust the water levels to zero and to aid in cleaning reservoir A. displacement principle. While this volumeter cannot be used for a series of rapid measurements, it has been developed to the point of sufficient accuracy to allow for the detection of very small differences in volume. Before it was utilized on this experimental material, a large number of indi-vidual roots were measured repeatedly and the results compared with average figures determined from the measurement of several roots at one time. It was established that the variation within individual samples was significantly less than the differences between samples. After this fact had been determined, roots were measured in groups rather than individually and an average root volume was calculated. When roots became too large for measurement in this apparatus, they were measured in another volumeter which is a simpler adaptation of the displacement principle.
After the root volume had been determined, the same roots used for the volume determinations were blotted lightly with filter paper to remove excess water and weighed individually or in groups. They were then placed in an oven at 1050 C and dried to a constant weight for a dry weight determination.
Inasmuch as all of the roots in the present experiment were grown in media containing the same mineral nutrients and supplemented with the same carbohydrate, differences in growth behavior presumably reflect differences in responses to the vitamin supplements.
Results Figure 2 shows the changes in volume of differently supplemented line 151 tomato root cultures measured at weekly intervals over a period of four weeks. In each instance average growth and growth of the best roots have been represented. The graphs have been prepared by combining the results from three sets of data obtained as outlined above.
At the end of one week in treatment one, the average volume of the roots was 0.020 ml. in a culture medium supplemented with thiamin, niacin, and pyridoxine. In no other culture solution did the roots nearly approach this volume after one week. It should be noted, however, that part of this advantage is undoubtedly derived from the fact that'these roots were cultured in a completely supplemented medium during the so-called "weaning" period.
Roots in treatment two without any vitamin supplements were the smallest of the roots at the beginning of the experiment because they did not make any appreciable growth during the weaning period. The average increase over the four-week period was from 0.003 ml. to 0.017 ml. At the end of four weeks, the roots in treatment two had not reached the average size of the roots in treatment one at the end of one week.
Roots in treatment three in which thiamin only was added to the culture medium behaved essentially like those in the vitamin-free nutrient. This fact suggests that in this instance thiamin alone' has no beneficial effect upon the roots. ltkl To make certain that the factor involved here was not too low a concentration of thiamin (or any of the other vitamins) in the medium, an experimental series was run in which the concentration of each of the vitamin supplements was increased tenfold, that is, to one mg. per liter of thia-min, five mg. per liter of niacin, and one mg. per liter of pyridoxine. The results from this series essentially duplicated those in the regular series. In no instance were there significant increases in growth; and in one or two instances there were suggestions that the higher concentrations were less effective, or perhaps slightly toxic. Roots grown in treatment four which contained thiamin and pyridoxine showed a greater spread than those of most other treatments in the difference between average root growth and the growth of the best roots, but in both cases growth was distinctly better than in either the vitamin-free medium or the medium supplemented with only thiamin, and very significantly less than in the medium supplemented with all three vitamins.
Growth in treatments five, six and seven supplemented, respectively, with pyridoxine alone, niacin and pyridoxine, and niacin alone was uniformly poor. In no case was there any suggestion that growth in these solutions was any better than that in the-vitamin-free medium.
Growth in treatment eight supplemented with thiamin and niacin gave results which approached the growth in the fully supplemented medium.
The results seem to suggest some complementary effect derived from adding niacin or pyridoxine to cultures containing thiamin. This complementary effect must be concerned with factors other than a simple increase in concentration inasmuch as a tenfold increase in the vitamin concentrations separately or together produced no increase in growth beyond that observed with unit concentration. Furthermore, it is specifically concerned with thiamin as supplemented by either niacin or pyridoxine. The combination of niacin and pyridoxine was ineffective. The complementary effect is further heightened when both niacin and pyridoxine are added to cultures containing thiamin. More vigorous roots resulted in every instance in the fully supplemented culture medium.
As was to be anticipated, the behavior of fresh weight-(not shown) follows approximately the same pattern as that of volume. Dry weight changes are shown in figure 3 . These, like the fresh weight changes, conform fairly closely to the pattern of volume changes. In some other lines of tomato roots to be reported on in another paper this close conformity does not exist.
Discussion
The early reports of ROBBINS (8) and WHITE (19) In 1938 ADDICOTT and BONNER (1) reported that growth of pea roots in thiamin-supplemented cultures was further enhanced by the addition of niacin. In 1939 ROBBINS and SCHMIDT (11) showed pyridoxine, vitaniin B6, to be a beneficial factor in tomato root growth. In the same year ROB- 
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BINS and SCHMIDT (12) evaluated growth of tomato roots in culture solutions containing thiamin, pyridoxine, and nicotinic acid. Both thiamin and pyridoxine had beneficial effects; the effect of pyridoxine being much greater when it was used in the presence of thiamin.
BONNER and DEVIRIAN (3) showed that roots isolated from the "beefsteak" variety of tomato require both thiamin and pyridoxine for satisfactory growth, and that growth could be further increased by the addition of niacin to cultures containing these two supplements. They reported that neither thiamin, pyridoxine, nor niacin alone would support appreciable growth. In the following year WHITE (21) tested both his and Robbins' strains of tomato roots for responses to thiamin and pyridoxine. He concluded on the basis of his data that the beneficial effect of pyridoxine resulted from its capacity to act as a substitute for thiamin. In the same year BONNER (4) concluded that in five strains of tomato roots pyridoxine was an essential requirement, even though thiamin was present in the culture medium.
His results indicate that all of his lines required thiamin, pyridoxine, and niacin, although all of them would make some growth without niacin. Bonner tested glycine and found that it could not replace pyridoxine in the nutrition of his root lines. In 1941 ROBBINS (13) analyzed the growth responses of roots of Johannesfeuer, a variety of L. esculentum, those of Red Currant, L. pimpinellifolium, and those of the hybrid between the two. Roots of Johannesfeuer showed greatest response to the addition of pyridoxine when thiamin was also present, less response to the addition of nicotinamide (the amide is apparently as active as niacin) in the presence of both thiamin and pyridoxine. The Red Currant roots made a greater response to nicotinamide than to pyridoxine. Roots of the hybrid grew more than those of the inbred lines in solutions supplemented with thiamin, pyridoxine and niacin or nicotinamide. In fully supplemented solutions the roots of Red Current grew nearly as well as those of the h'ybrid.
WHALEY and LONG (15) reported results similar to those of Robbins. They evaluated the growth of roots of two varieties of L. esculentum, Red River and Pritchard, and their F1 hybrid which showed distinct hybrid vigor. The roots of Pritchard made a greater growth response to pyridoxine than those of the other inbred. The roots of Red River made a greater response to nicotinamide. The hybrid appeared to respond to both substances, but made about three times as much growth in a fully supplemented medium as did either inbred.
In general, the results of the early investigations suggest that thiamin must be added to the culture medium for the growth of most tomato roots, and that pyridoxine and niacin or nicotinamide are required by some but not all strains of roots.
Thiamin is apparently a requirement for the metabolism of all types of cells. It is supposed that one of its important roles is in carbohydrate metabolism. Inasmuch as most of the tomato root cultures on which growth studies have been made have reacted to added thiamin by increased growth, it can be assumed that such isolated root tissue lacks the ability to synthesize this essential substance. This seems a logical assumption in view of the evidence of the apparently universal need for thiamin and the fact that some forms can synthesize it provided thiazole and pyrimidine, the two components of the molecule, are both present.
The need for pyridoxine has been less well established. It appears to be important in the growth of many bacteria, yeasts and certain other fungi, but its role in the cellular metabolism of higher organisms has not been explored in any detail. A summary of the evidence for the utilization of pyridoxine by tomato roots seems to indicate a definite requirement of pyridoxine ,by certain lines if they are to make maximum growth. However, the lines which require it for maximum growth are usually capable of making some growth without it.
Niacin appears to be an essential or at least an important factor i.n the growth of several lower organisms. In most instances either niacin or nicotinamide is effective, but in a few cases only nicotinamide has proved to be effective. Niacin is known to be impbrtant in the composition of coenzyme I and coenzyme II.
The results of the experiments reported here on tomato line 151 agree with the previously reported work in that greatest growth of the roots was found in cultures supplemented with thiamin, niacin, and pyridoxine. Growth in cultures which were not supplemented with any of the vitamins was very poor. The behavior of this line of roots differed from that of roots used in the earlier experiments particularly with respect to thiamin. In no instance did roots grown in a culture medium supplemented only with thiamin show growth appreciably greater than those grown in a vitamin-free medium. Taken It can be assumed from the data that thiamin is essential for the growth of line 151 roots, and that it is not synthesized by the roots themselves in sufficient amounts to produce good root growth. The absence of thiamin is a basic deficiency. However, the presence of thiamin does not,produce satisfactory growth unless either pyridoxine or niacin or both are present in addition to the thiamin. Inasmuch as added pyridoxine produces much less response than added niacin, its lack can be considered either as a less important deficiency, or the assumption' can be made that the roots have a capacity to produce some pyridoxine by their own metabolic processes. Lack of niacin is obviously an important deficiency, but the addition of niacin is effective only if the thiamin has also been provided. One can therefore postulate that roots of line 151 require thiamin for satisfactory growth and lack the ability to synthesize niacin from the materials available in the growth media. They may have some ability to synthesize pyridoxine, perhaps in less than optimum amounts. Complementary effects of these vitamin substances thus permit roots of line 151 to be classified as thiamin and niacin deficient, and probably weak in the production of pyridoxine for their own use. Summary Methods were evolved for determining volume changes of excised roots grown in culture. Volume increases of roots of University of Texas labora-tory line 151 of tomato were measured at seven day intervals and the data correlated with fresh and dry weight measurements of the same roots.
Line 151 roots grew best in White's solution with sucrose and glycine, supplemented with thiamin, niacin, and pyridoxine. They grew least in the absence of all of these vitamins.
The 
